Abstract
Introduction
Oxidative and nitrosative radicals have been associated with the development of myocardial tissue injury during chronic heart failure, reperfusion that follows ischaemia and in response to inflammatory cytokines or cardiotoxic drugs [1] [2] [3] [4] [5] [6] [7] [8] [9] . Under these pathologic conditions, various protein and lipid molecules serve as targets for the accumulating oxidative and/or nitrosative agents [10, 11] . Proteins of the sarcomere are of special interest because their alterations will influence the structure and/or the regulation of the interaction between the thin and the thick myofilaments, and thereby will affect directly the conversion of chemical energy into force and shortening [12, 13] .
Peroxynitrite, a metabolite of nitric oxide, is frequently cited as one of the most damaging nitrosative agents [2, 4, 14] , although peroxynitrite is not necessarily toxic as basal peroxynitrite formation may have several physiological roles [15] . Oxidation of protein tyrosine residues by peroxynitrite results in nitrotyrosine formation, which is considered as a hallmark of the peroxynitrite-evoked protein damage [16] . However, reactive nitrogen species also react with the thiol groups (SH) of cysteinil residues and thus, may induce the formation of disulfide bonds [8, 17, 18] [19] . Importantly, both the tyrosine residues [2] and the protein SH groups were found to undergo marked changes during ischaemia and reperfusion [20, 21] . Moreover, both the amounts of nitration and SH oxidation of proteins have been associated with the contractile depression in various myocardial preparations of animal and human hearts [4, 5, 22, 23] . Nevertheless, the relative contribution of SH oxidation to the peroxynitrite-evoked contractile dysfunction is unknown.
In this study, we made attempts to elucidate the SH-oxidizing potential of peroxynitrite, and to determine the reversibility of peroxynitrite-dependent mechanical alterations in human cardiomyocytes. To these ends, permeabilized left ventricular cardiomyocytes were incubated in the presence of peroxynitrite, which has hypothetically effects both on protein SH groups and on tyrosine residues. In parallel assays, 2,2Ј dithiodipyridine (DTDP) was employed as a selective SH-oxidant [24] . In addition, dithiothreitol (DTT), reduced glutathione (GSH) [27] .
Materials and methods
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The compositions of the relaxing and activating solutions used during force measurements were calculated as described earlier [28, 29] (Fig. 2) . Fo declined to 56 Ϯ 4% of the control after the application of 50 M peroxynitrite (Fig. 2B) , however Fpassive and ktr,max did not change significantly (Fig. 2C and D) (Fig. 3) . Results of Ellman's assays showed that 1-mM peroxynitrite (a peroxynitrite concentration with maximal SH oxidative effect, Fig. 1B) (Fig. 3B) following incubations in the presence of 0.1-mM DTDP (Fig. 4B) . (Fig. 4C) . Reduced SH groups in some proteins were apparently more resistant to DTDP (bands still present at 2.5-mM DTDP) than in others. In agreement with the results of Figure 4A , 10- [20, [33] [34] [35] . In order to assure normal biological function, most cysteinil residues are maintained in a fully reduced state under physiological conditions [23, 36] . The reversible conversion of SH groups to disulfides is one of the earliest events during radical-mediated oxidation of proteins [37] . Myocardial protein SH content decreases characteristically during ischaemia and reperfusion, and SH oxidation of proteins may thereby contribute to the contractile dysfunction of the postischaemic stunned myocardium [20, 36, 38] . Some of the most important reactive species: the superoxide, H2O2 and peroxynitrite have been shown to directly cause SH oxidation in protein model systems and in cells [39, 40] (Fig. 3) but it did reverse peroxynitrite-reduced Fo values (Fig. 2B ) may relate to a lower signal to noise ratio for the Ellman's assay than that for the mechanical measurements. Of note, 2.5-mM DTDP evoked a robust reduction in protein SH content and hence allowed the recognition of changes in the SH-oxidative status of proteins following 10-mM NAC or 10-mM GSH exposures (Fig. 4A) ( Fig. 3A) or after 0.1-mM DTDP (Fig. 4B) [41] .
Quantitative determination of the SH status of myofilament proteins
To determine the SH content, permeabilized cardiomyocytes (prepared similarly to the mechanical measurements) were treated with the different oxidative and/or reducing agents in isolation buffer at a protein concentration of 5 mg/ml at 22ЊC. Then SH content was determined by incubation with the SH-sensitive Ellman's reagent (5,5Ј-dithio-bis(2-nitrobenzoic acid); Sigma)) for 15 min. at 22ЊC [30]. The absorbance of the solutions at 412 nm was considered to be proportional to their SH contents. The samples were assessed via calibration curves (standards: N-acetyl-L-cysteine and reduced glutathione; both from Sigma) fitted to a single exponential, and the SH contents of the cardiac samples were calculated.
Qualitative analysis of SH groups oxidized in myofilament proteins
0.1-mM DTDP decreased myocardial-free SH content to 57 Ϯ 12%, which was reversed completely by 10-mM DTT (i.e. to 118 Ϯ 20%). The effects of the other two reducing agents GSH and NAC did not reach significance when they were applied at the 10-mM concentration. SH content was 72 Ϯ 6% after 0.1-mM DTDP ϩ 10-mM GSH, and it was 61 Ϯ 5% after 0.1-mM DTDP ϩ 10-mM NAC (for all P Ͼ 0.05 versus 0.1-mM DTDP). However, when GSH or NAC were employed at a concentration of 100 mM, both of them reduced SH groups completely. SH content was 123 Ϯ 15% after 0.1-mM DTDP ϩ 100-mM GSH, and it was 102 Ϯ 8% after 0.1-mM DTDP ϩ 100-mM NAC (for both P Ͻ 0.05 versus 0.1-mM DTDP). Collectively, the results of Ellman's assays at similar levels of (peroxynitrite-evoked or DTDP-evoked) protein SH oxidation suggested identical characteristics for the employed antioxidants irrespectively of the molecular nature of the oxidizing agents. Interestingly, the assays involving protein biotinylation revealed that DTDP oxidation did not affect all of the myofibrillar proteins uniformly
Fig. 3 Results of biochemical tests assessing myocardial protein SH-oxidation in response to 1-mM peroxynitrite exposures and subsequent applications of different reducing agents. (A) Bar graphs (means Ϯ S.E.M.) illustrate the relative amounts of free (reduced) protein SH groups (untreated con-
Results of earlier investigations from our laboratory demonstrated that the peroxynitrite-evoked force reduction is best paralleled by the nitration of a structural sarcomeric protein, ␣-actinin [22] . In contrast, the DTDP-evoked reduction in force was correlated with the oxidation of the sarcomeric actin and myosin light chain 1 [23] . The 
